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THERMAL MODE! OF LASER-INDUCED SKIN DAMAGE
COMPUTER PROGRAM OPLRATORS MANUAL

INTRODUCTION

The Skin Model is a mathematical model that predicts the
extent of thermal damape and degree of burr produced in skin
by lascr radiation. The model was developed by IIT Research
Institute and is a result of many years of improvements in
thermal damage modeling techniques. The mathematical basis
for temperature predicticns is the following heat-conduction
cquation in cylindrical coordinates:

vV o = X osv o0, 3 pdv
.C?E Q(T.Z.C) + i' T + .r(xﬁ) + 'S‘z'("l) (l)

- E(z)cb - a(r.z.t)

where = density of tissues, g/cm3

= gpecific heat of tissues, cal/g-*C

= blood flow, g/cm3-sec

= gpecific heat of blood, cal/g-*C

= thermal conductivity, cal/cm-sec-°C

= rate of heat deposition from lager. callcm3-loc

= rate of heat loss in transforming water into
steam, cal/cmi-sec

(g
Do RO o O -

= radial distance, ¢m
time, ser
= temperaturc, °C

N
1

= axicl distance, cm

In addition, equations presented on the next page provide for:

e heat losses to the ambient air,
e steam blisters, and a
e hair follicle.

Initialily, the skin is considered to be at a uniform
temperature measured with respect to the surrounding air.
Biogogical heating is neglected. 1Irradiation from the laser
is reduced as a consequence of interceptions of radiation by
hairs and reflection ?rom the surface of the skin. In this
regard internal reflections are considered to occur at the
surface.




R EC b i AL il Lt LA

B LR T L UL | L

e A e R ik My 3 SN ap

Onee the radiacton enters the skin its Intensity, q, is
e et gecordine vo Boer Ty Law, namely

Gt L) «.,(n_”,(b\x.-(-! w.’.hlr) )

\ o
whe v tadiant eens iy considered a0 step function
in time, cal/oms -sev
' absorption coefficient consfdeved as a step

function with respect to depth 2, l/cm,

Beam diverpence {8 neplected. Equation 2 is then used to
determine the rates of energy deposition q(r,z,t) for equa-
tion 1

Blood flow B, specific headl C, density ¢, and thermal
conduct fviry K are considered to vary with respect to depth.
Blood flows remain constant with respect to time and act as
a hweat sink. Blood is not treated as a means of heat trans-
for Thermal properties and density varv with the amount of

water in th? tissues.

When water commences to boil, the resultant water vapor
is allowed to escape from a given depth of skin. Resultant
vates of heat loss § per unit volume are then introduced into

cquation 1. Additional heat losses are allowed to occur from

the surface of the skin by natural convection/radiation.
Theae losses are dercribed by

, IV, '
"k‘;”:'!" RV{ (3)
= o)

where H = heat-transfer coefficient, cal/cmz-lec-°c.

This coetficient is assipgned values according to whether or
not sweat is initially present. The coefficient is not
chanped with time.

Foliowing water covaporation, densities, specific heats,
and thermal conductivities are decreased according to the
amount of water lost at specific locations. In addition a
steam blister is allowed to form at the hase of the epider-
mis provided it reaches the temperature DTEMP. Once a blis-
ter forms, thermil resistance is introduced to account for
the presence of water vapor.

Mathematically this is given by

v v
k=Y = -KeY| = H_ (v| - vl ). (4)
M.l z 2 +8 w z =8 2 +&

w w w w
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Thr o e st ton e lee! - the heat capacity ol the water vapor
won that hedat Tluses orossiine the two blister murfaces are

nlentreal These tlune s arte expresncd by the product ot the
bear tranater coetticient de, acrona the blister and the tem.
serature dttterence between the surfacer Bepth of blister

tormat ion fx described by cp0 and represent« g vandshingly
small Jdispiacement ot the upper and lower bligter surfaces

e model provides o hatr tollicle ot a pliven depth on
the axts of the lasetr beam Radlatton is considered to be
ent irely absorbed by the tolltcle Heat Jdeporition rates
divectlv heplow the tollicle are zero

The heat sconduct ton equation is apfruximatvd by finite
differences and then soved with an explicit-implictit
alternating-direct{ion technique developed by D W Peaceman

and H. W, Rachford (1), Thia technique solves the finite-
difference equations explicitly in = and {eplicitly in r for
odd time stepr, and fmplicitly in = and explicitly in r for
even time steps.  In explicit calculations, exiating tempera-
tures are used to represent thermal pradients, in tmplicit
calculations, future temperatures are used  This approach
results in a set of cquattons that are solved uring ordinary
matrix alpebra  larvper time intervals can be used with thin
technique than with standard explicit finfte-difference methods

The model usdes the predicted temperature riseas to deter-
mine lrreversible tissue damape o applving Henrigque's Jdamage
cquat ton for temperatures above a piven value

Ve, oL t) (‘.lvxplC:/Ta(l‘.-‘-.l)l-‘ut ()

where \:(r,:,t) < incremental Jdamage at point @,
c1 and C, = constants piven by arrav DAM in homenclatare

11(r.:.t) = absolute temperature
At ¢ increment of time.

Irveversible ticsue damaye i defined an occurring whenever
the {ntersral of A2 over fime i3 preater than or equal to

1. From this mathematical basis, the model har the capability
of predicting temperature rvisea, damape thresholds, the ox-
tent of damape within the skin, and degree of burn based upon
the resaltant © values and peak temperatures.

1. Peaceman, D W md H. H, Rachford, Jr The numerical
solution of parabolic and elliptic ditfarenttal
cquat fons . 1 Soe Indust Appl Math b C3-41 (195%%)
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hentemed 10y Banium Llexibility, the mode]l otffers wide
vatiability in characterising tissuwes and laser exposures.
It accommodates vartatione in {aser radiat ion characteristics
ad i optical, thermal . and physfological propertieu of the
ki the mode ]l desicn enables the user e print out ouly
those partiola ot the outpuyt informat ion whiuh he destioe

The purpose ct this manual $s to plive the uzer a basi¢
wnderrtanding o) the aodel's capabtlities nd how to use 1t
within the limits of those o flitien. Additional ir.forma-
tion on the code can be obtatned from the 1ITRI Technlral
Report . “l 1ser- Induced Thormal Damage of 3kin" (7).

Me manual brietly deacribes (1) the .apabilities and
Hmitations of the model an thev pertain to the source, the
skin, the mechanica of the propram, and the output desired:
and (2} the basic input required, listing the requived cards,
their order, and app opriate formatz and optiens available
to the user in ropard to printed output Appendinx A presents

A plonsary of all input parametera.

CAPARILITIEN AND LIMITATIONS

The user iz responeible tor adequately deseribing the

exposure conditionas to be madeled. must describe the
incident radiation, the media, the mechanics (temporal and
npat ial prid) of the propram, and the output Jdesived. Thia
section presenta a broad overview of the capabilities and
lmitattone an they pertain to thrae areas.

In developine the propram, several major asaumpt ions are
made  First, the skin yeonetries are aimulated (n cvlindrical
coordinates . Second, ol cetlections occur at the surface of
the akin Third., bea= profiles are tdentical ar all depths
within the skin, and are radially svemetric Fourth, therwmal
Propertics chanpe onlv with water loges and ot with (empera-
ture Fitth, Hlood flows act solely as a heat sink.  Rixth,
ateam blaisters remain intact, while water beneath the hltntern
boecomes a superheated liquid without deforming tissues.

The model has & mumber of features which give the user
flexibility in dencribing the inctdent radiation in terms of
fta mwpatial, spectral, and temporal propervties. The spatial
profiie of the beam may be desipgnated as uniform, gaussian,
or irrepular. For unitorm or gaussian profiles, the user

orakata, AN Laser-induced thermal damage of skin.
SAMCTR- 738 "Womher Q77
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specities the beam 1adius and the incident power For tr-
rerular prefiles, the user constructs the Jdesired beam pro-
files by specifvine the tncident power and the relative

intensttics and ansociated radial distances from the center
! the boeam

temporal vartations of the incident radiation are speci-
fied by selecting the duration of the pulses, the repetition
vates and intensizv, and the number of pulses. The model
assumes all pulses to bhe square with respect te time.  How-
over. tempotally varving pulses can be constructed from a
collection of back-to-back square-shaped pulses. The pulees
. rcYetIt(on rates nay be considered {dentical (noncoded)
ar variable (coded) In that the wodel ogly predicts thermal
Jamape . pulse Jduratiocas should exceed 107 secondas. For

shorter pulse durations, other damapge mechanisms may predom-
tnate

Ski, medla are described in terms of optical, thermal,
and phvsiclogical characteristics. The optical parameters
fnclude coeffivients for absorption and veflection. Thermal

araveters include heat capacity, thermal conductivity, and

lood flow assoclated with {ndividual skin and subcutanreocus
lavers plus their (nitial temperature. The skin is considered
to be composed of twe layers, namely the epidermis and dermis.

A single homogenecus laver (s used to represent subcutaneous
tissues.

Intriglly, the thermil propertiies and density are con-

stant within the dermis and within the subcutanecus tissues
and varv linearly acrosus the epidermis. 0ptlcal':ro:erttcu
and blood flow rates are constant across layers ich are
not necessavily coincident with the epidermis or dermis.

The mode!l autmatically selects the time steps. However,
the uscer specifies the size of the increments for the spatial
grid in tle skin media. The Jimensions of the spatial and
temportal (ncrements represent the limits of resolution of
the mode!l predictions. The spatial grid has unifcrm incre-
ments in the region of highest tomperature rise and constantly
expandin,: increments away from the higheat temperature regions
The temporal prid has constantly expanding time steps from
the bepinning and end of each pulse.

The user selects the range of spatial coordinates used
to print the temperature riscs and Jamage. 1lso, the user has
the option to print and plot temperature rises at any selucted
time. A separate plotting routine uses input data cards

et b st e o
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3 coreted Yy the mende ]l et e oontrol cards to plot the tem-
i Sec o trses e prec s ds Jdencribed in Reterence )

t

E NPT ORPQUIERLMENTS

H ™Mi: sectfon Jesceribes the input required to gpecify the
E sourve, skin media the swechanter of the program, and output
F

Jesired AT paramcters required by the user as tnput are
detined in Appendix A Proceam listing (= presented in Appen-
Jiv R When solving o problem, the user must describe the
tncdent radiation, and munat also specify the parameters
sovermning the mechanical operation of the program, such as

the micse of the prid required and the output deaired.

1 g

- PRy

To siralate the radiation incident on the =kin media,
the user has the option of specifving a wniform-, paussian.,
or itresularsheam frradiance protile.  Axfal symmetry for
E all boam profilea {2 assumed  For uniform-beam prefiles.

the beam radius (RUNIFY must be spectficd.  For paussian-bewm
proefiles, RIM must be speciticd at a particular relative in-
teasity point (CUTY For irrepular-beam profiles, the abso-
lute or relative frradiance pro‘ile must be specified on a
peint-byv-point basir by listineg the {rvradiance value, PX(L),
at the radial distance, RX(LY, from the center of the beam.
The total number of specified frvadiance points {8 equal to

| LR The model will inteprate the beam profile at radial in-
! tervala (RINTY. to arrive at a acries of conatant {ntensities
' centered about cach radial prid poilnt.

The model can treat coded pulses which differ in inten-
sitv and duration or noncoded pulses which are identical as
are the times between pulses . Coded pulsces are considered
te tellyw one another with no ¢lapsed time between pulses,
Sinple plrex are considered as noncoded. Data cards required
for proy ramming are deseribed in Table 1. Further informa-

i tion is presented ar the bottom of Table 1.

-

Input cavds are read tn sequence according to the card
numbers presented fn the listing and Table 1. Thiis table
supmart cos the format statements alony with the input parawm-
cter .

ALl cards cited in Table 1 except tor card number 21
A these tollowed by et ters, are neaded for cach computer

Weer s 0 R et als Redinal thermal model of lascer-
induced ove dapaee Progran operaters panual
SAM- [R- o= (1Y o)

2

| J
L‘ L o P — J—— e A bl . KD i tbmerli— e Al et ¢ - —
i .

p

Sl

o sot. it Mot b o e s s n i S L

e

3 e

b, S i s,

bl




1 "!.\‘U

'
v

-

.

| 13

1)

99

10

1

12 UNIF®
1., GAUSS
12, IRREG*
12, IRREGA
12.1AREG
13

la.nc 2t
14.0C X"
12.0¢c.cpt
14.84c.0rb
l4,8C GPb
l4.cO0BDY
14.copep®
14.copep
15

16

§)

18

19

20

21

Format

12, 1067
10€7 )
10F? &
10F7 o
10F? 4
1or? &
10F7 &
17,1087 3
10F° ¢
1087 &
1017

F’ 4217
2R Q21
101?
i0g? )
107 )
&F7 1,417
£?.1087 .}
17,1087 )
1017

1017

1037

1017
1087.)
10E7.3
1017

1017
10R7.)
10E7 .}
17.1087.13
10E7.)

17

TARLE 1 NPT DECKR

Parame ters

B e o A —

LB, ABSW CUNIL ., CON2 . SKO. SH1 . SH2 WO W] W2, W)

DO, D1.D.). D). 2BL,. W, DIENP  DHF . SHF
TRLILY L=] LN

CR,(B¢(L) L=, LB)
TSWEAT.DEPID, TEPID . TDERN . TO, TX . 2DRP
DAM(1,1) .DAM(1.2).DAM(2.1),DAN(2,2)
TAL(L) . L=]1. 27

L2 . ABSC M) N2 RALIR REF
TH(L) . L-1 . L2

ABS(L) .L=1.L2

IPROF . MK

RURIF M1 . N

RIM.CUT, NI N

LR. Rl N

RX(L).L=1.LR

PX(L) .L=1, LR

WAVEL . XC.ZR.2Z.LASER, NPULSE . NGX , NTX
NTP . DPULSE, POWX
REPET . DPULSE . POWX

NG

NPG(1) ,L=]1.%C

NPR(L) .L=1.NG

NY?

DPULBC(L) .L=1.RPULSE
POVERC (L) ,L=1,NPULSE

»

ID1.1D2.JD1,JD2. ITYPE. KTYPE, XX
TIMEI (L) .L=1 KX

TIME2(L).L=1 ,KX

MW, (ZW(L) .L=1.0W)
DB1.DB2.DB).DBS

1,112, 113.J1,092

only use card with desipnated profile.

hFor singlespulse exposures use card l4,NC. 1, for multiple

noncoded pu

ses use cards 14 NC. X, for multiple noncoded

Pulaes to be grouped use card 14, ,NCX, »nd cards 14.NC,CP
For coded pulses use cards 14,CODED.

(sce text).
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run. Card 2} is requived only when one wishes to punch tem-
perature rises on cards. The other oxce .tions are cards 12.... :
(beam profile), and cards 14....(pulse Lo”ulation). For uni- 3
furm profiles use card 12, UNIF} for gaussian profiles use A
card 12, GAUSS; and for irreqular profiles use card 12, IRREG.
A description of the cards 14.... nceded for describing pulsc
characteristics is presented at the bottom of Table 1. In
this regard, provisions have been made to minimize computer
cxecution times caused by long noncoded pulse trains. This
provision is optional and requires use of cards 14, NC, CP.
These cards result in the replacement of various scts of con~
sccutive pulses by a "single pulse" which extends from the
start of a given pulsce to the start of the pulse immediately
tollowing each set of consecutive pulses. Power is set equal
to the total encryy associated with the pulses divided by the
duration of the "single pulse.' By this means total energy
is conservaed.  Resultant power is termed mean power.

fkidl

N

: To introduce mean powers into long pulse trains, one

] should first select several sets of pulses spaced at regular
intervals along the length of the pulse train with at loeast
two individual pulses between the sets of pulses and at the
end of the train. Incremental damage is only predicted during
individual pulses followin% the first of each series of indi-
vidual pulses. Weighting factors are used to account for
damage vroduced during remaining pulses.

it il i

Lopole
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An example of the above procedurc is shown in Figure 1.
Here we have chosen a pulse train consistiug of 40 pulses.
Number of pulses replaced by mean powers is indicated by
numbers over the shaded area. Table 2 presents the values
needed for the arrays NPG(L) and NPR(L) to structure the 40
pulses in the fashion illustrated by Figure 1.

. ‘m*"‘"’i

TABLE 2. PROGRAMMING 40 PULSES IN MANNER
ILTUSTRATED BY FIGURE . g

bt oo e b D S gt I i T e L Wbl icha s B o O
i

L NPG (L) NPR (L) L NPG(L) NPR(L)

12
13
14
15
16
17
18
19
20
21
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The index L indicates the order in which individual
pulses or mean powers are to be considered. The array NPG(L)
repreaents both the number of pulses and how they are to be
treated. For normal treatment ot gulses. NPG(L) is set equal
to 1. NPG(L) values greater than 1 result in replacement of
the specified nunber of pulses by the mean laser power.

The array NPR(L) represents the number of pulses repre-
sented by individual pulses shown as shaded in Figure 1.
These pulses have L values of 3, 6, 9, 12, and 15 in Table 2.
Each of these pulses represents 6 additional pulses--three

immediately preceding it and three immediately following it.

All other NPR values should be zero. The sum of the two
?traza NPGiand NPR should equal the total number of pulses
n the train.

Thicknesses of the epidermis and dermis will vary widely
with individual and location. Epidermal thicknesses for
hunus range from about 0.005 to about 0.015 cm while dermal
thicknesses range from about 0.15 to 0.30 cm. Recommended
values presented in the Glossary represent average values for
pig skin.

Optical property data are presented in Table 3. These
data were acquired from several sources as indicated in ref-
erence 2. For those coefficients not presented in the table,
use the coefficients for water given in Table 4. These
values are not critical in that at long wavelengths much of
the irradiation is deposited within shallow depths of the
epidermis for which coefficients are known. Recommended
values for the remaining input are presented in Table 5 and
Appendix A.

Table 6 is presented to assist the user in identifying

parameters requiring change in altering various features such
as wavelength, laser profile and pulses, and skin.
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TABLE 4. ABSORPTION CONSTANTS OF WATER (vef. &)

|

|

N

e ;:Ai_v...m.'mumm.wm.mmﬂ

0.200 ¢.9115:10°% | o900  6.7858 au? | s.a00  7.2072100
0325 2937102 | o9 14400 a0cl | 3.450  4.8080°1
0.250  1.6839:10°2 0.950  3.8757:10°} 3.500  3.3750:10

f 0.27s 1.0739.10°2 | 0975  4.4852 a0't | 3.600  1.7977 202

‘ 0.300 ¢.702110° | 1,000 .70t |30 122274

3 0.325  4.1739:10° | 1,200 1.03%7 3.800  1.12¢4:1

o350 2.230-10°) | 1400 n23870%t | 3900 1224 10 3
0.97%  1.1729:10 | 1600  6.7152 4.000  1.e451:102 1
0.400 $.8434:10°% | 1,800  8.0285 4200 1.7225°1 -

0.425 3.8438:10°% | 2,000  6.9115 qotl | 4200  2.0588 1
9.450  2.8434-10°% 2.200  1.6508-10%! 4.300  2.4694°1
0.47%  2.4736 10°% | 2,400  5.0056 qot! 4.400  2.9417 102
0.500 2.3133:10°% 2.600  1.5321:10%2 4.500  3.7420-1

o505 3393100 | 2630 3720002 4.600  4.0138°1 i
0.350  4.4782:-10°% | 2,700  8.8430 ‘10 4.700  4.1977-1 i
0.57s  7.0676:10° | 2.7%0  2.6961:10° 4.300  3.9270°1
0.600 2.2829-10 | 2.800  s.161210 4.900  3.5135°1 j
0.625  2.7948-10°3 | 2.850  8.1571.10° $.000  3.1165-1 3
0.650 3.1706-10°3 | 2.900  1.1613.10° $.100  2.7350°10% 3
0.675 415161073 | 2.950  1.2694-10% $.200  2.4408 -1 i
0.700  6.0139-107> 3.000  1.1394-10° 5.300  2.3236°}
0.725  1.58¢5-1072 3.050  9.8883 107 $.400  2.3969 -10° 3
0.750  2.6138.10°° 3.100 7.7830.10° 5.500  2.6504 103 1
0.775  2.3998:1072 3.150  5.3856-10° 5.600  3.1865 10 1
0.800  1.9635.10°2 | 3.200  3.6285:10) 5.700  4.4734 102 3
0.825  2.7722-1072 3.250  2.3586°10 5.800  7.1498°1 3
0.850  4.3317-10°2 3.300  1.4013:10° 5.900  1.3248 10 3
0.875  5.6154-1072 3.350  9.7905-10° 6.000  2.2610.10° ;

4. Hale. G. M. and M. R. Querry. Optical constants
of water in the 200 nm tc 200 ym wavelength
region. Appl Opcics 12(3): 555-564 (1973).

v

14




T

A o)
6.100  2,6987°10°
6.200  1.7836-10]
6,300  1.1370.10°
6.400  9.8161-102
6.500  7.3785-107
6600  6.7782:107
$.700  6.320710°
6.000  ¢.043 100
6.900  3.8643:10°
2.000  3.7446 102
2.100  3.6637-10%
2.200  3.6023-102
7.300  5.3430-10%
2.400  $.3020-10%
7.300  3.4622.10%
7.600  3.4234:102
7.700  $.4019-107
7.800  3.3971.102
7.900  3.3924 .10
8.000  3.3878:10%
8.200  3.3790-10%
8.400  5.4006 -10%
8.600  3.4357-10
8.800  S5.4978-10%
9.000 5.5711-10°
9.200  3.¢683 107
9.400  3.7886-10°
9.600  5.9429 10°

TABLE 4. (Continuved)
) atew]
9.800  &.1421 . 102
10.000  ©.3837-10°
10.300 , 7.9220- m:
11.000 1,105 .0
£1.500  1.3517.10°
12.000  2.08)9-10°
12.300 2,608 :10°
13.000  2.9481.10°
13,300  3.1928 -10°
14.000  3.3211-10°
14,500  3.3626 -10°
15.000  3.3s78-10°
15.500  3.3764.10°
16.000  3.3144 103
16.500  3.2396:10°
17.000  3.1712-10°
17.500  3.0806 107
18.000  2.9740-10°
18.500  2.8397 .10°
19.000  2.7382.10°
19.300  2.603s -103
20,000  2.4693 107
21.000  2.28%9 ‘10°
22.000  2.1306 -103
23.000  2.0052-10°
24.000  1.8902 -10°
25.000  1.7893-10°
26.000  1.6916-10°
15

27.0%0
28.000
29,000
30.000
32.000
34.000
36.000
38.000
40.000
42.000
44,000
46,000
48.000
30.000
66.000
70.000
80.000
9¢. 000
100.000
110.000
120.000
130.000
140.000
150.000
160.000
180.000
190.000
200,900

L A am) o« St‘n' 1 d

1.6011-10°
1.3169 .10°
1.4430°207
1.3739.10°
1.2224-10°
1.2100-10°
1.1973 .10
1.19%8 -10°
1.2093 .10°
1.2237 10°
1.243210°
1.262110°
1.227¢-103
1.291819°
1.229 103
1.0340.10°
s.5922 108
7.4840-10%
6.6833 . 102
6.0881 107
3.5083 .10
4.9686 -10%
4.4880-102
4.1463 108
3.89% - 10
3.4837 .10
3.3136-10%
3.1667-102
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TABLE 3, TBL(}) VALUES (ref. 3)

2 ™L(L) . ¢ L TAL (L) . °C L ™L(L),.%C
1 100.0 10 179.0 19 200.9
2 119.¢ 11 183.2 20 211.4
3 132 9 12 187.1 n M9
& 142.9 1) 190.7 22 216.2
) 151.1 14 194.1 3 ) 218.%
] 158.1 13 187.4 ) 220.8
? 1642 16 200.4 ] 222.9
) 169.9 17 203.4 26 22%.0
9 1749 18 200.1 3 227.0
“;‘?‘\shn L indicates atmospheres of pressure caused by temperature

S. Handbook of Chemistry, Sandusky, Ohio;

Handtook Publishers,
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3 TABLE 6,  (Cont ivued) |
3 |
; 3
9 Eapusmte f 4
3 - ¢ Shin prepen Tiae
3 Patametetn Vave length | Prolile | Fulavs | thichavases [ ties JGrid | stops | Printing | niocelanceua® E
4 4 - {."‘.-.-‘Jh-;-_ STy AP SIS S }-n-»mHL-_:——.—-—-n. i
= [ Y] & , M%
"
F POWERC (L) Lol - 3
LSy )
PO ' B
1 PR(L) (Lol R . y
3 nerry a g
N a 3
- 4
- ®NEF X 3
[ YIR NN ] “ j
= - ’ 3
3 s, 2l 8 a 3
! LIS PA AN ) ) 7
E ™ALL . E
f ™m . E
1. 41 ) L]
|, IR EYI X ! . ;
TIRI (L) Lot oKX . d
L TIME2CL), Lo ) KX . 3
E m . ’ =
CARAT ’ ‘
wAVRL 4
WO, N1, ¥2,W) s \
3 % a . E
3 1 j
i m ; ‘ ¢ ;
toer L 3
E n . | :
; W) Ll W ? :
i 2 a 4
] k|
: Bl
s Mependent paramctor/tusction 3
! “\mbere des.vibed below: ;
E 1 = rates of thermal damage )
] > « criteria for degres of burns
E Vo= hatr tollicles q
: 4 = stean blinters J
] A - hatr covering 3
] & - hest-tranafer coefficionts 3
: 1 = valeulation of heat loanes (vve vacaping steam i
R - dtesm preasures 4
V9 = {nfttal teaperatures i
10 < depth (rom which stean esvapea i
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APPERDIX A
CLOSSARY OF INPUT PARANETERS
ARS It~ ~Absorption coetficients of undamaged skin and
s cu aneous tissuwes. Coefficients vur[zuith vlvtlcnuth
and are considered constant in each of layers o!
thicknesses TH(L).
Units. 1l/cm
decommended values given in Tauble 3

ABSC--Absorption coefficients of irreversibly damaged askin.
Coefficients vary with wavelength.

Units: 1l/cm
Recommended values given in Table 3

ABSW--Absorption coefficients of water. Coefficients vary
with vavelcagth.

Units: 1/cm
Recommended values piven in Table 4

gL)iL-I,LI--Blood flow ritea cousidered constent in TB
ayergs of tissue of tticknecses TB(L).

Unics: glcu’-ace
Recommendod values: BL{1)=0
BL()=0.0118
BL(3)=0
C3--Specific heat of blocd.
Units: cal/y-°C
Recommended vaive: 1.0

CON&,Q%! 2--Constants used to compute thermal conductivity of
tissucs as function of water content WATER(i{,}). Therual
conductivity (s given Ly:

CONl1 + CON2 WATER(1.J)/DD(1.J)
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where WATER(!..1) - prame of wutcrlc33 of tigave
[+ T8 R D) = Jenslty of tissuen, g/cm

inits val/e-nee-'C

Recomnmended values CONL - 1.33'10:3
conz = 1.3°10

CUT--Value of normalized gaussian profile at radius RIN.
Units: wnitless

DRL,bB2,DR}--Cumulative thermal dam.ge at base of epidermis
required to produce firat, second and third degree burms
respectively.
Unita: unitless

Reconmended values: DBl = 0.

D82 = 1
D83 =« 10,000
DRS- -Temperature of skin required for fifth-degree burms.

Units: °C
Recommended value: 400

DAM(L.1) .DAM(1.2)
DAH(Ial).DAHﬂ,I!--Comtanu used to compute rates of thermal
mage ol tissues. Rates of damage are functions of the
absolute temperature v as deacribed below:
exp (DAM(1,1)-DAM(1,2)/¥), 317°K = Vv : 323°K

-

exp (DAM(2,1)-DAM(2.2)/¥V), v > 323°K

infts: DAM(l,l) and DAM(2, 1), In()/sec)
DAM(1.2) and DAM(2,2), K

Recommended values: DAM(1.l) 149
DAM(1.2) 50,000
DAM(2,1) = 242
DAM(2,2) = 80,000

DEPID--Thickness of '"dead" epidermal layer.

Units: cm
Recomnmended voalue: 0.0060 (half epidermal thickness)
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DHF--Depth of halr follicle If set to unrealistically large
value such an 1,000 em, vode will dlazenard follicle.

nits om
Reconmended value. 0.015 om
OPULRC (L) Lo 1 NPULBE--Durat funs of each NPULSE coded pulses.

sea conaldercd back to back and may have any desived
power. Power considered conatant during each pulse.

Units: _aec

DPULSE-~Duration of noncoded pulses over which time power {as
considered constant.

Units: sec

DUEMP- - Temporature at base of epidermis causing steam blisters.

Unite: °*C

Recommended value: 131

D0,D1,D) . Di--Densities of sweat, outer epideramal layer, dermis
S and subcutaneous tissues, respectively.

Unites: glcm3
Recommended values: DO = 1.0
A Dl = 0.50
D2 = 1.0)
D3 - 0.98

HAIR--Fraction of skin surface shielded by hairs.
inits. wunitless
Recommended values: 0 to 0.1

HW--Heat-transfer cocfficient assoclated with heat fluxes
acrose steam blisters.

Units: cal/caz-loc-‘c
Recommended value: 6.10°3

Hl,H?--Heat-transfer cocfficients associated with heat losses
from dry and wet surface, respectively.
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inirs callemz-nec-“c

Recommended values: H1 - 2.0'10::
H2 = 7.0'10

101,10 sma.lest and largest 1 values at which tempersture
tlscs and demage will be princed.

Units: unitlces

111,112 113--1 indices needed for unehtn? cards for 2 or 3 D
temperature fllustrations. 11l and I1
and largest I indicea at which temperatures will be

punched respectively. 113 represonts curve to be marked
in {1lustrations.

Units: unitless

1PROF-~Index xndicatIS? shape of beam profiles. Beam profiles
a

assumed to be radially symmetric.

Unit: unitless

Input value: O (uniform profile)
1 (gauloian profile)
2 (irregular profile)

ITYPE--Index controlling printing of temperature rises. An
ITYPE value of 1 will allow temperatures to be printed
following each time step; an ITYPE value of 2 for every
other time step, etc. Temperature rises will always be
printed following the last time step regardless of the
value aanlgnod ITYPE. Additional options for priacing
are available via the arrays TIME]l and TIMEZ2.

Unit: wunitless

JD1,JD2--Range of J indices over which temperature rises and
amage will be printed. JD1 rcgroocnta suallest value
wvhile JD2 represents largest value.

Unit: unitless

JJ1,JJ2--Range of J indices over which tempicature rises will
be puncgod

on cards for orepuring temperature illustra-
tions.

Unit: wunitless

22
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KTYPE--index indicating whether or not o punch carda for
temperaturv-rise {llustrations. A vaiue of gero will
skip cards vhile a value of i will punch cards.

Unit unitless

Input value: 0 {to skip punching carde)
1 {te punch cards)

KX--Number of time intervals TIMEL(L) to TIME2(L) over which
printing of temperature riscs ana damage is allowed.

Unit: unitless
Recommended valuea see TIMEI(L) .TIMEZ2(L)
LASER--Parameter Jescribing whether pulses are noncoded, or
' coded. Noncoded pulses are identical while coded pulses
are not.
Unit: unitlens

Input value: | (noncoded pulses)
2 (coded pulses)

LB--Number of tissue layers of thicknesses TB(L) used to
describe blood flow BL{L).

Unit. unitless
Recommended value: 3, see BL(L),TB(L)

LR--Number of radii RX(L) uaed to describe relative intensi-
ties PX(L) of irregular laser beams.

tnit. unitless

Lo --Number of tissue layers of thicknesses TH(L) used to
Jescribe absorption coefficients ABS(L).

Unit: unitless

Recommended value: 1}, see ABS(L),TH(L)
M--Total number of axial increments.

Unit- unitless

Recommended values: 15 to 20
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MK--Dimension of array DTX(K), POWER(K), or XP(K). Introduced
to. prevent overflows of storage allowed in dimensioning
arrays with time indices, i.e. DTX, POWER and XP.

Unit: unitless

N--Number of radial increments.
Unit: unitless
Recommended values: 15 to 20

NG--Number of groups of pulses, used only with noncoded pulse
trains. And then only when selected group of pulses are
represented by mean power,

Unit: wunitless

NGX--1Index indicating whether or not noncoded pulse train is

to be treated on a pulse-by-pulse basis, or with mean

powers representing specified sets of pulses. Index
applies only to noncoded pulses.

Unit: unitless

Input value: O (if pulses are to be treated individually)
1 (if some pulses are to be replaced by the
mean power)

NPG(L) ,L=1,NG--Number of pulses contained within each of NG
sets ol pulses represented by mean power.

Unit: wunitless
Input values: see Table 2

ggRgLé L=1 ,NG--Number of pulses represented by particular in-
v

ividual pulses.
Unit: wunitless
Input values: sec Table 2

NPULSE--Total number of pulses in pulse train.

Unit: unitless
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NTP--Minimum number of time steps assigne! to each pulse
period.

Unit: wunitless

Input value: ~10 for single pulses
2 or more for multiple pulses

NTX--Number of time steps assigned after last pulse. Should
be large enough so no further damage occurs.

Unit: wunitless
Recommended value: 15 to 20

NW--Number of trials uced to approximate rates of heat loss
for transforming water into steam.

Unit: wunitless
Recommended value: 4; see ZW(L)
Nl--Number of uniform radial increments.
Unit: unifless
Recommended value: approximately one-third of N

POWERC (L) ,L=1 ,NPULSE--Laser power of successive coded pulses,

Unit: watts/pulse

POWX--Laser power of noncoded pulses.
Unit: watts/pulse

PX(L) L=1,LR--Magnitudes of irregular beam profile at radii
ﬁX(Lf. Values need only be relative. Intermediate values
are linecarly interpolated between specified points PX(L).
Unit: wuniless

REF--Surface reflection at given wavelength WAVEL.

Unit: wunitless

Recommended values: see Table 1
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REPET--Pulse repetition rate.

Unit: 1/sec

RIM--Radius at which normalized gaussian profile equals CUT.

Normalized profiles have an intensity of 1 at the axis
of the incident beam.

Unit: om

RUNIF--Radius ot uniform profiles.

Unit: cm

RX(L),L=1,LR--Radii at which magnitude of irregular profiles
equals PX(L).

Unit: cm

SHF--Radius of hair follicle.

Hair follicle located on axis
at depth DHF.

Unit: com
Recommended value: .02

SHO--Specific heat of non-water constituents in sweat.
Units: cal/g-°C

Recommended value: 0,22

SH1,SH2--Constants used to compute specific heat of tissues

as function of water content WATER(I,J). Specific heat
given by:

SH1 + SH2 'Water(I,J)/DD(I,J)

where WATER(1,J) = grams of water/cm3 of ti

gsue
DD(I,J) = density of tissues, g/cm

Units: cal/g-°C

Recommended values: SH1 = 0.37
SH2 = 0.63

Radiant energy totally absorbed by follicle.
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Igng:L=L=LB--Th£cknesses of LB layers of tissues within

c lood flows are considered constant. Blood flows

given by BL(L).
Unit: om
Recommended values: TB(1l) = 0.0137
TB(2) = 0.0219
TB(3) = 3.000 (arbitrarily large)

TBL;L),L-1=27--Temperaturel at which pressures of confined
superheated water equal L atmospheres.

Unit: °C

Recommended values: see Table 5
TDERM--Thickness of dermal layer.

Unit: om

Recommended value: 0.1779
TE--Temperature of environment.

Unit: °C

Recommended value: 22
TEPID--Thickness of epidermis.

Unit: cm

Recommended value: 0.0121
TH(L).L-l.LZ--Thicknesées of LZ layers of tissues within

which absorption coefficients are considered constant.
Coefficients given by ABS(L).

Unit: cm

Recommended value: TH(l) = 0.0039
TH(2) = 0.1870

TH(3) = 3.000 (arbitrarily large
value)
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TIMEléLzITIHEZELE,L-I,KX--Start and end of time poriods

ring ch printouts of temperature ris¢ are desired.
Time measured from start of exposure. PFor all print-
outs set TIMEL(1)=0, TIME2(1)=10,000 (arbitrarily
large time), and KX=1.
Unit: sec

TO--Initial temperature of skin and subcutaneous tissues.
Unit: °C

Reconmended value: 17

-TSWEAT--Thickness of sweat layer. Sweat laver consider:d

“only if it has thickness exceeding the arbitrarilv small
value of 0.0001 cm.

Unit: om

Recommended values: 0 to 0.01
WAVEL--Wavelength of laser's radiation.

Unit: um

WO,Wl, W2 W3i--Water content associated with sweat, anterior
epidermal layer, dermis, and sutcutaneous tissues,

respectively.

Units: g/cm3

Recommended values: WO = 0.95
Wl = 0.20
w2 = 0.80
W3 =0.05

XC--Factor by which time steps are sequentially increased.
Excessively large XC values will cause temperatures to
oscillate.

Unit: wunitless
Recommended values: 1.1 to 1.4

ZBL--Depth at which steam blister forms, equals thickness of
epidermis.

Unit: ocm

Recommended values: 0.0121

28
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4DEP--Depth at which water is prevented from evaporating and
may become superheated.

mit: om

Recommended value: 0.9060 (half epidermal thickness)
ZR- -Factor controlling value of smallest time step.

tnit: unitless

Recommended value: 0.5

W(L),L=1 ,NW--Arbitrary factors used in computing rates of
cat Joss due to the generation of steam.

Unit: unitless
Recommended value: 1

2Z2--Factor by which minimum time step is altered following
each pulse.

Unit: wunitless

Recommended value: 1
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APPENDIX B
PROGRAM LISTING

¢ Main Program

® Subroutine TIME

® Subroutine GRID
® Subroutine PROF

® Subroutine CWATER
¢ Subroutine BA

® Subroutine HTDEP
® Subroutine TEMP

® Subroutine DAMAGE
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